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Abbreviations
aEP  ankle Epicondyle Piriformis Plane
aPP  anterior Pelvic Plane
CaD  Computer-aided design
Ct  Computer tomography
E  Estimated effect size
M  Estimated combined effect size
tHa  total hip arthroplasty
1 Introduction
During total hip arthroplasty (tHa), being able to control 
the orientation of the prosthetic components is of critical 
importance in normalising the biomechanics of the hip 
[36, 54]. this requires having both a stable joint as well as 
achieving the ideal range of motion for a patient to fulfil 
their daily activities [8]. Failure to achieve these outcomes 
is linked to two of the most prominent reasons for revision 
surgery, aseptic loosening secondary to wear and dislo-
cation which account for 45 and 15 % of revision cases, 
respectively [25]. to achieve joint stability, the surgeon is 
required to make appropriate adjustments in the orientation 
of the prosthetic components to achieve the required fem-
oral head coverage [17]. However, during daily activities, 
an overly contained cup increases the risk of impingement, 
whereby the neck of the femoral component contacts with 
the rim of the acetabular cup creating wear particles and 
also micro-motion of the acetabular cup leading to eventual 
implant loosening [13, 27, 30, 49]. Further motion beyond 
the impingement point causes subluxation of the femoral 
head until the joint dislocates [11, 17]. However, orienting 
the prosthetic components to maximise range of motion 
by increasing both acetabular cup inclination and the 
combined version of the acetabular cup and femoral stem 
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would mean only partial containment of the hip joint [31, 
54]. this risks both aseptic loosening and joint dislocation 
whereby the femoral head ‘slips out’ of the acetabular cup 
[11, 47].
the clinical community have presented recommen-
dations with regard to prosthetic component orientation 
which ideally balances the trade-off between stability and 
impingement [15, 19, 32, 47, 49, 55]. Considering the ori-
entation of the acetabular cup, Yoon et al. [53] compared 
these recommendations and found that it was advised to 
achieve between 32–50° inclination and 8–25° anteversion 
when expressed using the radiographic convention [23]. 
regarding the version angle of the femoral component, 
due to the acknowledged interdependence with anteversion 
of the acetabular cup, combined version values have been 
posed which range between 25° and 60° [7, 10, 28, 31]. as 
well as these recommendations, prosthetic design factors 
such as the head-neck ratio, cup-opening plane, neck-shaft 
angle and the geometry of the femoral neck also influence 
the post-operative range of motion [11, 49]. these design 
factors determine the overall range of motion which a tHa 
can achieve. the orientation of the prosthetic components 
then interacts to position this range of motion area to where 
it is required physiologically [49]. therefore, achieving the 
correct prosthetic component orientation to achieve both 
ideal range of motion and secure containment within the 
constrained prosthetic impingement limits is vital to opera-
tive success.
a recent addition to tHa prosthetic component design 
has been the addition of a modular femoral neck which pro-
vides the surgeon with the ability to independently adjust 
femoral neck offset, femoral neck-shaft angle as well as 
the version angle of the femoral neck [30, 36, 48]. the 
latter is regarded to be particularly important, as control-
ling the version angle of the femoral neck can be limited 
by the chosen fixation method. In australia, the UK and 
the USa cementless tHa is the method of fixation used 
in the majority of cases [4, 25]. Consequently, the surgeon 
has limited flexibility to control the degree of anteversion, 
in comparison with cemented tHa. this is due to the ori-
entation of the femoral stem being influenced by the vari-
able geometry of femoral medullary canal [17]. therefore, 
having independent adjustment of the femoral neck may 
prove advantageous in comparison with fixed femoral neck 
devices [8, 38].
a number of clinical and experimental studies have 
demonstrated the effectiveness of femoral neck modular-
ity [8, 20, 30, 31, 36–39]. However, the australian national 
Joint registry found that some modular neck stems had 
a 5-year cumulative revision rate of 11 % [24]. Further, 
there have been concerns with regard to the integrity of the 
modular femoral neck [34, 36]. these concerns relate to the 
taper fitting of the femoral neck to the femoral stem, which 
potentially cause excessive fretting and crevice corrosion to 
the modular neck [12]. this has been linked to recent case 
reports of modular femoral necks fracturing, which have 
been hypothesised to be caused by the increased moment 
arm of the long anteverted modular femoral necks, com-
bined with the functional demands of a heavier patient [34, 
50, 51]. this increased stress, along with corrosion and 
fretting could lead to degradation and failure at the stem-
neck junction [12, 50, 51]. the risk of fretting is not partic-
ular to the femoral stem-neck junction, and it is also a risk 
at other taper sites such as at the head-neck junction, par-
ticularly with larger diameter heads [44]. However, further 
experimental work needs to be done to evaluate whether 
femoral neck modularity offers any benefit over fixed fem-
oral neck devices which could be exploited if its limitations 
were resolved.
Both fixed-neck and modular neck implants have a 
range of other modular options, such as choice of femo-
ral head diameter, which have been well reported in being 
able to maximise the range of motion until impingement 
[3, 26, 48, 54]. Consequently, femoral neck modularity 
needs to be assessed in comparison with other tHa fea-
tures with regard to whether they offer any additional ben-
efit in improving range of motion until impingement. In 
this study, range of motion simulation was used to evalu-
ate whether a modular neck cementless tHa system can 
provide additional benefit with regard to reducing instances 
of impingement in comparison with a leading fixed femoral 
neck cementless tHa.
2  Methods
to evaluate the effectiveness of femoral neck modularity, 
a full factorial experiment was designed [22]. two implant 
types were selected for comparison, the Corail (Depuy, 
Warsaw, IN, USA) straight tapered cementless stem for the 
non-modular control and the Profemur (Wright Medical 
Technology, Arlington, TN, USA) cementless stem as the 
modular neck intervention. this selection provided a com-
parison of femoral neck modularity against a non-modular 
control which is the most widely implanted cementless 
stem in the UK, used in 33,724 tHa procedures in 2011 
[25].
to measure the effect that femoral neck modularity had 
upon the post-operative impingement free range of motion 
in comparison with other tHa implant parameters, high 
(+) and low (−) values for each of the implant-specific 
independent variables were defined, table 1. referring to 
table 1, for the non-modular neck control group, the ace-
tabular liner rotation centre depth influences the opening 
angle of the acetabular cup, while the femoral stem length 
provided an objective scale to indicate the overall size of 
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the implant including the thickness of the femoral neck. 
Hence, both these factors influenced the range of motion 
until impingement. referring to table 1, for the modular 
neck intervention group, the femoral neck length affects the 
impingement point on the tapered femoral neck and there-
fore range of motion until impingement. Figure 1 provides 
a schematic of the femoral neck options within the modu-
lar neck intervention group. together with a straight neck 
option, there were in total nine modular neck options—
8º or 15º pure anteverted, retroverted, varus and valgus 
options as well ar-VV options which combine 4.5º of 
anteversion or retroversion with 6º of varus or valgus.
as well as implant-specific parameters, the orientation 
in which the prosthetic components are implanted can also 
affect the post-operative impingement free range of motion 
[32, 55]. these orientation parameters were defined, 
according to the definition provided by Murray [23], as 
operative acetabular cup inclination, operative acetabu-
lar anteversion and anatomical femoral stem version. to 
obtain an estimate for these parameters, measurement using 
a prototype surgical tracking system was used (Brainlab, 
Feldkirchen, Germany) of non-navigated tHa procedures. 
these measurements were taken as part of a separate but 
related study at the University Hospitals Coventry and War-
wickshire nHS trust. a total of 49 (20 males, 29 females) 
non-modular control hips were measured having a mean 
age of 65.1 (39–83 years). In the modular neck intervention 
group, there were 48 (19 males, 29 females) hips having a 
mean age of 63.6 (23–80 years). the high (+) and low (−) 
values for each orientation parameter were defined as the 
pooled ± 2 standard deviation values from the combined 
97 intra-operative measurements of both the non-modular 
and modular neck implant groups—acetabular inclina-
tion (mean 37.3º, CI 1.4º, SD 7.1º), acetabular anteversion 
(mean 22.9º, CI 3.0º, SD 14.5º) and femoral stem version 
(mean 7.2º, CI 2.8º, SD 13.6º). there were no significant 
differences (p ≤ 0.05) between the component placements 
of each of the two implant groups, table 3 [2, 45].
to calculate the prosthetic range of motion, the ±2 
standard deviation measured prosthetic orientation val-
ues were used to orientate theoretically perfect CaD geo-
metric representations of the tHa implants within the 3D 
environment of the Brainlab Hip Essential 5.1.2 software 
(Brainlab, Feldkirchen, Germany). the acetabular compo-
nent was orientated relative to the pelvic coordinate frame 
defined through the palpation of the anterior pelvic plane 
(aPP) landmarks. the femoral component was positioned 
according to the femoral coordinate frame which was 
constructed using the ankle epicondyle piriformis (aEP) 
plane used to define the neutral rotation of the femur [18, 
41, 52]. Once the prosthetic components were orientated 
with respect to their individual body-segment coordinate 
frames, the femoral coordinate frame was located relative 
to the pelvic coordinate frame so that the knee centre had 
a position vector ofP = (0, −1, 0). this knee centre posi-
tion defined the anatomical neutral posture when a person 
Table 1  High (+) and low (−) values of the independent variables for the non-modular control group and modular neck intervention group




Femoral head offset 
(mm)
Femoral neck offset Femoral neck-shaft 
angle (°)
Femoral stem length 
(mm)
Non-modular control group
(+) 36 0 +3.5 High offset 125 110
(−) 28 +2 −3.5 Std offset 135 170




Femoral head offset 
(mm)






Modular neck intervention group
(+) 36 0 +3.5 long (38.5) 15° ante 15° Varus
(−) 28 +1 −3.5 Short (28) 15° retro 15° Valgus
Fig. 1  Modular femoral neck options: straight, varus–valgus 8° and 15° (not shown), ante-retroverted 8° and 15°, combination of 4.5° ante–
retroversion with 6° of varus–valgus the ar-VV1 and ar-VV2 options traina et al. [37]
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stood upright so that the knee centre lies directly below the 
hip centre and represented the start point for the range of 
motion simulation [16, 29].
the prosthetic range of motion was simulated by virtu-
ally rotating the femoral implant about axes in the trans-
verse plane until it collided with the acetabular liner. these 
rotation axes were constructed according to Eq. 1 [40] 
where the angle α was stepped in 10° increments in the 
transverse plane, producing 36 separate axes for the femo-
ral component to be rotated about. these rotation axes were 
used based on previous findings that many daily activities 
which pose risk of dislocation such as sitting on low chair, 
stooping down to pick an object up from the floor or kneel-
ing to tie one’s shoelaces had their axes of rotation within 
15° of the transverse plane [40]. the femoral component 
was rotated about each of the separate rotation axes until 
collision, or impingement, occurred between the acetabular 
liner and the neck of the femoral component. Each colli-
sion point was then plotted to construct a graphical repre-
sentation of the prosthetic range of motion, which is shown 
in purple in Fig. 2, and defined as the ‘prosthetic motion 
area’. this prosthetic motion area was then compared 
with a healthy range of motion benchmark, shown in gold 
in Fig. 2, and defined as the ‘healthy benchmark’. this 
healthy benchmark was constructed using the same rota-
tion axes used in the prosthetic range of motion simulation, 
Eq. 1, based on measurements of healthy individuals per-
forming those daily activities which pose risk of disloca-
tion [40]. two outcome measures were used based on the 
comparison of the prosthetic motion area with the healthy 
benchmark (1) the size of the prosthetic motion area and 
(2) the position of the prosthetic motion area. the size of 
the prosthetic motion area was calculated as a percentage 
of the surface area of the healthy benchmark. Hence, a 
prosthetic motion area having an area greater than 100 % 
would be large enough to provide an impingement free 
range of motion, providing that it was positioned in an area 
where it is required physiologically.
the position of the prosthetic motion area was defined 
by comparing its position relative to the healthy bench-
mark. this outcome measure was used to evaluate the 
extent to which each of the tHa implant parameters was 
able to adjust the position of prosthetic motion area. there-
fore, using the two outcome measures, a prosthetic motion 
area that was larger than the healthy benchmark and posi-
tioned in such a way that it encompasses the same healthy 
benchmark would enable a patient to fulfil their daily activ-
ities. to define the position of the prosthetic motion area, a 
Fig. 2  Comparison of the 
prosthetic motion area (purple) 
against a healthy range of 
motion benchmark (gold). 
Position of prosthetic motion 
area evaluated at the three-
dimensional angle between its 
directional axis (purple) and the 
directional axis of healthy range 
of motion benchmark (red) 
(colour figure online)
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directional axis was defined for both the healthy benchmark 
and the prosthetic motion area [43]. this axis represented 
the normal vector to a best-fit plane constructed from points 
taken at the edge of the respective range of motion areas [6, 
9]. For the prosthetic motion area, these points represented 
the impingement point for each of the 36 rotation axes. the 
x, y, z spatial coordinates of the individual impingement 
points from the range of motion simulation was used to cal-
culate the centre of mass x¯, y¯, z¯ of the prosthetic range of 
motion area (Eq. 2). the distance of each of the impinge-
ment points away from the calculated centre of mass was 
then determined (Eq. 3) and arranged in 3 × n matrix, A. 
the dot product A · AT shown in Eq. 4 was solved to find 
the directional axis of the prosthetic motion area by deter-
mining the eigenvector (υ) which maximised the distance 
to the boundary edge points [6, 9]. the position of the pros-
thetic motion area was calculated as the three-dimensional 
angle between its directional axis and the directional axis 
of the healthy benchmark, Fig. 2. Further illustration of 
how these outcome measures were developed is provided 
in the supplementary file which accompanies this study.
to test the inter-observer reliability of the prototype sur-
gical tracking system which was used to measure the pros-
thetic component orientations used in the range of motion 
simulation, two surgeons measured the landmarks of the 
aPP for a total of 22 patients. the difference between 
the acetabular cup operative inclination and anteversion 
defined by Murray [23] was then compared relative to 
each surgeon’s measurement of the pelvic aPP. the Pear-
son correlation coefficient for acetabular operative inclina-
tion was r = 0.93 (95 % CI 0.841–0.971) and for operative 
anteversion, r = 0.96 (95 % CI 0.905–0.983). to test the 
validity of using the aEP plane to define the neutral rota-
tion of the femur to provide a reliable reference from which 
to construct the anatomical neutral posture for the subse-
quent range of motion simulation, 18 male subjects having 
a mean age of 31.5 years (24–42 years) were recruited for a 
motion analysis experiment using a Vicon MX motion cap-
ture system (Vicon, Oxford, UK). For each subject, the pel-
vic and femoral (using the aEP plane) coordinate frames 
(1)T = (sin α, 0, cos α)









(3)If : ai =
∑
xi − x¯, bi =
∑
yi − y¯, ci =
∑
zi − z¯





















were constructed and the alignment between the pelvic and 
femoral medial–lateral axes was measured in the transverse 
plane. a mean deviation of 0.38° (σ = 1.06°) was meas-
ured between the two axes which meant the aEP plane 
could be used to define the neutral rotation of the femur. 
Consequently, the constructed femoral coordinate frame 
could reliably be aligned with the coordinate frame of the 
pelvis to create a valid anatomical neutral posture [16, 29].
2.1  Statistical analysis
a single replicate factorial design was used to assess 
which implant parameters, and their combined effects 
had the most significant influence upon both the size and 
position of the prosthetic motion area. a systematic frac-
tional replicate design was first used to screen out those 
independent variables which were not main factors in 
influencing the impingement free range of motion [5]. 
this 2k + 2 design for k independent variables provided 
an estimate of the main effect 2Coj and interaction Cej 
for each independent variable. Consequently, the order 







 [5]. the lowest factors 
were screened from the full factorial design. two screen-
ing experiments were required for the modular neck group 
because the high (+) and low (−) values for neck ante–ret-
roversion and varus–valgus were not able to be combined.
Following screening, a full factorial design of experi-





i=1 Fij · yi
)
 for each independ-
ent variable and their combined effects were calculated 
and ranked [22]. For the size of the prosthetic motion area 
in comparison with the healthy benchmark, those fac-
tors which had a greater than 1 % effect over the size of 
the prosthetic motion area were recorded. Considering the 
position of the prosthetic motion area relative to the healthy 
benchmark, those factors which had a greater than 1º effect 
over the three-dimensional angle were recorded.
three experiments were performed for the modu-
lar neck group due to the fact that the maximum amount 
of 15º anteversion or retroversion could not be combined 
with the maximum 15º of varus or valgus. Consequently, 
the first experiment evaluated the combined effect between 
femoral neck ante–retroversion with femoral neck varus–
valgus using the ar-VV necks which combine 4.5° of 
ante–retroversion with 6° of varus–valgus. the second and 
third experiments separately tested the effect of the maxi-
mum 15° ante–retroversion and varus–valgus necks with 
the other factors. this experimental design allowed for the 
contribution and interaction of femoral neck modularity, if 
identified as a main factor, to be fully evaluated against the 
other implant variables.
690 Med Biol Eng Comput (2014) 52:685–694
1 3
3  Results
the systematic fractional replicate design to screen out inde-
pendent variables which were not main factors in influenc-
ing the prosthetic impingement free range of motion found 
that in the non-modular group, femoral head offset (M 2.9 %, 
1.0°), femoral neck offset (M 2.9 %, 1.0°) and femoral stem 
length (M 1.2 %, 1.0°) had the lowest contribution upon both 
the size of the prosthetic motion area and its position. For 
the modular neck group, in both screening tests, femoral 
head offset (M 5.5–6.3 %, 0.9–1.8°) and femoral neck length 
(M 2.0–2.5 %, 0.5–0.6°) had the smallest effect upon the 
prosthetic motion area. Consequently, these variables were 
screened from the full factorial experimental design.
the full factorial test for the non-modular control group 
using the main factors of femoral neck-shaft angle, femo-
ral head diameter, acetabular liner rotation centre depth 
and prosthetic component orientation produced a 24 fac-
torial design. Figure 3 provides a Pareto chart of the esti-
mated effect sizes for both the size of the prosthetic motion 
area and its position. altering the acetabular liner rotation 
centre depth (E = 29.1 %) and femoral head diameter 
(E = 12.8 %) produced the largest change in the size of the 
prosthetic motion area, while prosthetic component orien-
tation had the largest effect upon its position (E = 35.5°).
the first full factorial experiment in the modular neck 
intervention group which used the ar-VV modular necks 
produced a 25 factorial design with the following varia-
bles—femoral neck varus–valgus, femoral neck ante–ret-
roversion, femoral head diameter, acetabular liner rotation 
centre depth and prosthetic component orientation. there 
were in total eight factors found to have a greater than 1 % 
influence over the size of the prosthetic motion area with 
femoral head diameter (E = 18.4 %) and acetabular liner 
rotation centre depth (E = 16.7 %) having the largest effect 
upon the prosthetic motion area, while prosthetic compo-
nent orientation had the largest influence upon its position 
(E = 25.6°). the interactive effect between prosthetic com-
ponent orientation and femoral neck ante–retroversion had 
a modest effect upon the position of the prosthetic motion 
area (E = 6.2°).
the second full factorial test analysed the effect of 
maximum 15° neck ante–retroversion. For this test, the 
factors of acetabular liner rotation centre depth and femo-
ral head diameter were merged into a single factor. they 
were merged as the first full factorial experiment found 
they had no interactive effect and only influenced the size 
of the prosthetic range of motion area. Figure 4 shows that 
the 23 factorial design resulted in all main and combined 
effects having a greater than 1 % effect upon the size of 
the prosthetic motion area with the diameter of the femo-
ral head and the acetabular liner rotation centre having 
the greatest effect (E = 35.4 %). there were three fac-
tors which affected the position of the prosthetic motion 
area by greater than 1°—prosthetic component orientation 
(E = 24.6°), prosthetic component orientation × femoral 
neck ante–retroversion (E = 18.7°) and femoral neck ante–
retroversion (E = 7.5°).
Figure 5 shows the results for the final full factorial test 
which analysed the effect of maximum 15° neck varus–val-
gus. Six out of the seven factors had an estimated effect of 
greater than 1 % of the prosthetic motion area. the diam-
eter of the femoral head in conjunction with the acetabular 
liner rotation centre depth (E = 37.5 %) as well as femoral 
neck varus–valgus (E = 17.2 %) had the largest effect. For 
the position of the prosthetic motion area, all seven factors 
had a greater than 1° influence, with prosthetic component 
orientation having the largest effect (E = 42.8°) followed 
by the combined effect of prosthetic component orienta-
tion × femoral neck varus–valgus (E = 28.2°).
Fig. 3  ranking of estimated 
effect sizes for non-modular 
implant parameters on both the 
size (percentage) and posi-
tion (degree) of the prosthetic 
motion area—(A) neck-shaft 
angle (B) femoral head diam-
eter, (C) acetabular liner rota-
tion centre depth, (D) prosthetic 
component orientation
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4  Discussion
In cementless tHa, the surgeon has limited flexibility to 
control the degree of anteversion of the femoral stem [17]. 
Femoral neck modularity has been posed as a solution for 
this problem by providing independent adjustment of the 
version angle of the prosthetic femoral neck, as well as 
neck varus–valgus. However, there have been concerns 
with regard to their integrity which relate to the taper fitting 
of the femoral neck onto the femoral stem, potentially caus-
ing excessive fretting and crevice corrosion to the modular 
neck [1, 12]. therefore, there needs to be an evaluation of 
whether there are any potential benefits to using a modular 
femoral neck in comparison with existing tHa solutions.
this study has found that the Profemur modular neck 
system, if altered to a large enough degree, can signifi-
cantly increase the amount of prosthetic motion as well 
as alter its position to where it is required physiologically. 
Further, the way in which the modular neck system influ-
ences the prosthetic range of motion is different compared 
to the other modular parameters. Factors such as increas-
ing femoral head diameter or reducing the depth of the 
acetabular liner rotation centre serve to increase the size of 
the prosthetic motion area by increasing the implant oscil-
lation angle [55]. In contrast, femoral neck modularity, 
particularly with regard to femoral neck anteversion, is the 
only modular parameter which can alter the position of the 
prosthetic range of motion area. this can offset the effect 
of poor prosthetic component orientation by bringing the 
prosthetic range of motion back into alignment to where 
it is required physiologically. this is illustrated using the 
interaction diagram shown in Fig. 6, where femoral neck 
anteversion can be used to improve the alignment of the 
prosthetic motion area with the physiological requirement 
Fig. 4  ranking of estimated 
effect size for 15° ante-retro-
verted modular neck implant 
parameters on both the size (%) 
and position (°) of the prosthetic 
motion area—(A) femoral neck 
ante–retroversion, (B) femoral 
head diameter/acetabular liner 
rotation centre depth, (C) pros-
thetic component orientation
Fig. 5  ranking of estimated 
effect size for 15° varus–valgus 
modular neck implant param-
eters on both the size (%) and 
position (°) of the prosthetic 
motion area—(A) femoral neck 
varus–valgus (B) femoral head 
diameter/acetabular liner rota-
tion centre depth, (C) prosthetic 
component orientation
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in cases where there is a low degree of cup anteversion, 
while the reverse is true for retroverted necks. therefore, 
given a certain prosthetic orientation, femoral neck modu-
larity is able to significantly improve a patient’s impinge-
ment free range of motion. However, in cases of severe 
acetabular cup mal-orientation, the study findings support 
those of Sakai et al. [30, 31] who found that the degree of 
correction offered by the 15° modular neck is not enough 
to bring the prosthetic motion area into alignment with the 
physiological requirement. Hence, there is a practicable 
limit that a modular femoral neck can correct [20, 30, 31].
In traditional tHa implants, other than increasing the 
femoral head-neck ratio there is very little opportunity to 
influence the range of motion to impingement. recently, 
it has been shown that increasing the femoral head diam-
eter to maximise the oscillation angle increases the risk 
of femoral neck fracture in hip resurfacing and has been 
associated with failures in metal-on-metal implants [25, 
33]. Further, a larger femoral head may not be practicable 
for many patients, which means that achieving the cor-
rect prosthetic component orientation is vital to operative 
success. the results of this study have shown that femoral 
neck modularity is able to significantly improve a patient’s 
range of motion until impingement. However, given their 
effect, if the wrong neck choice is made, then this can have 
negative consequences with regard to range of motion until 
impingement. Making the correct neck choice may pre-
sent difficulties to the surgeon with regard to assessing the 
amount of correction required. therefore, there is a require-
ment to provide surgeons with better information to assess 
component orientation to be able to select the best femoral 
neck option. there are a number of options for this, either 
through the use of surgical navigation, Ct pre-surgical 
planning or through the use of patient specific 3D printed 
templates. One such medical device is a trial femoral head 
shown in Fig. 7 with markings on its surface which can be 
used to inform about the combined version of the femoral 
neck as well as the additive angle of the femoral neck axis 
away from the transverse plane and acetabular cup inclina-
tion, termed combined inclination [47]. When the femoral 
head is located in the acetabular cup and the leg is placed in 
the anatomical neutral position, the surgeon is able to read 
these two angles from where they intersect with the rim of 
the acetabular cup. From this reading, the surgeon is then 
able to assess the amount of correction required and make 
the correct femoral neck selection [42].
there are a number of study limitations which are 
required to be noted. Firstly, only prosthetic impingement 
was considered in this study. there are other impingement 
modalities such as bone-on-bone and prosthetic-on-bone 
impingement [14, 21, 35]. It has been found that offset is 
more important with regard to bone-on-bone impingement 
than has been found in this study. Hence, it should be con-
sidered as an important factor in restoring a healthy range 
of motion during tHa [14]. Secondly, this study has evalu-
ated the Profemur modular neck and the Corail non-mod-
ular cementless stems, as well as their respective implant 
options. Consequently, the detailed study findings are spe-
cific to these two implants due to their individual implant 
designs. However, many of the modular implant options, 
such as choice of femoral head diameter, are common 
across implant manufacturers. therefore, the findings of 
this study can be used to assess the effectiveness of femoral 
Fig. 6  Interaction of the 15° ante–retroversion modular neck with 
component orientation upon the position of the prosthetic motion area
Fig. 7  trial femoral head 
design a combined antever-
sion measurement, b combined 
inclination measurement and c 
trial femoral head assembly
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neck modularity in comparison with other modular param-
eters. However, the experimental design does not have the 
resolution to be able to draw conclusions about the subtle-
ties of prosthetic design, such as the chamfer design of the 
acetabular cup or the exact geometry of the femoral neck. 
However, these were limited factors with regard to range 
of motion until impingement in comparison with the size 
of the femoral head or the degree of femoral neck version.
as well as the clinical and engineering investigations 
regarding the effectiveness of modular neck femoral stems. 
there have been concerns with regard to their integrity which 
relate to the taper fitting of the femoral neck onto the femoral 
stem, potentially causing excessive fretting and crevice cor-
rosion to the modular neck [1, 12]. Corrosion of the stem–
neck interface has been documented as causing inflammatory 
tissue reactions or catastrophic fracture of the femoral neck, 
with all documented cases requiring revision [46, 50, 51]. 
Consequently, there are other acknowledged risks regarding 
femoral neck modularity which must be considered within 
the context of the potential benefits highlighted by this study.
this study has found that femoral neck modularity is one 
of the main factors which can affect the amount of prosthetic 
motion a patient can achieve post-operatively. Indeed with-
out this feature, once the acetabular cup and femoral stem 
orientations are fixed there is no further option to alter the 
prosthetic range of motion to a position where it is required 
physiologically. However, there are acknowledged risks to 
using these types of devices and the significance of making 
the incorrect neck selection could potentially be severe.
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